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Abstract 
Cerium (Ce) oxide nanoparticles (CNPs) have attracted attention due to their high bioactivity and unique redox-
chemistry. The oxygen vacancies at the surface of the nanoparticle explain the autocatalytic properties of CNPs in 
which the Ce3+ atoms occupy the center of the oxygen vacancies surrounded by Ce4+ atoms. Until now, CNPs have 
been associated with organic molecules at the synthesis stage to extend their applications or improve their stability. 
However, there is a lack of information regarding the post-synthesis interaction of CNPs and organic molecules that 
could enhance or induce new properties. Due to their unique optical properties and their many uses in different areas 
such as supramolecular chemistry or biomedicine, we have chosen a derivative from the family of naphthalimides (the 
4-amino-1,8-naphthalimide-N-substituted; ANN) to study the interaction with different CNPs (CNP1-4) and their joint 
bioactivity compared to that of the same compounds alone. ANN-CNP complexes were formed as revealed by 
spectroscopic studies, but, the interaction was markedly different depending on the physicochemical properties of 
CNPs and their surface content of Ce3+ sites. The ANN adsorption on all CNPs involved the amino group in the 
naphthalene moiety as shown by NMR spectroscopy, while the pyrrolidine ring was mainly involved in the specific 
interaction between ANN and CNP1. The biological effect of each CNP and ANN individually and forming 
complexes was assessed using a bioluminescent model bacterium. The results showed that ANN and CNP with the 
higher content of surface Ce3+ (CNP1) when combined acted additively towards the used model organism. In the 
opposite, ANN-CNP2, ANN-CNP3 and ANN-CNP4 complexes were antagonistic when the nanoparticles dominated 
the mixture. The results of this study contribute to expand the knowledge of the interaction between nanoparticles and 
organic molecules which may be useful for understanding the behavior of nanoparticles in complex matrices. 
Keywords: Cerium oxide nanoparticles; 1,8-naphthalimide; Adsorption; Bioactivity; Mixture toxicity. 
1. Introduction
Nowadays, nanoparticles of a huge diversity of 
materials, differing in their elemental composition, size, 
morphology and physical or chemical properties, can be 
synthesized through many different methods [1-3]. 
Cerium oxide nanoparticles are increasingly used in 
industrial applications such as glass polishing [4], solar 
cells [5] and fuel additives [6]. They have also been 
studied in biomedicine as anticancer agent [7-8] and 
oxidative stress scavenger [9-11], among others [12]. 
This variety of applications is derived from their high 
surface activity and unique redox-chemistry. The 
redox/catalytic properties of cerium oxide nanoparticles 
(CNPs) are a consequence of the existence of two 
possible surface oxidation states, Ce3+ and Ce4+, which 
induce a redox couple [13]. In recent years, CNPs have 
been synthesized and functionalized with a variety of 
molecules such as small ligands [14], polymers [15-16], 
surfactants [17] and other organic molecules [18] using 
different strategies [19]. However, there are a lot of 
complex matrices (abiotic and biotic) where the surface 
of nanoparticles becomes adsorbs with external 
molecules that block the designed nanoparticle 
functionality [20-21]. 
Naphthalimides (1H-benzo[de]isoquinoline-1,3-(2H)-
diones) represent a class of compounds widely used in a 
variety of fields [22-24]. Among other applications, 
naphthalimides have been used as dyes for synthetic 
fibers [25], optical brighteners in detergents and 
polymeric materials, solar energy collectors [26], ion 
sensors [27-29] and biomedicine as potential anti-
cancer agents [30-31]. Chemically, 1,8-naphthalimide is 
a polar molecule with electron deficiency in the 
aromatic rings and an absorption band n → π* type in 
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the near-UV range. The introduction of substituents 
with electron donor character in 3- or 4-position of the 
naphthalene ring, such as amine (−NH2) or methoxy 
(−OCH3) group, generates a new band in the visible 
frequency [32]. The absorption maximum of this band 
depends on the polarity of the solvent, due to the 
electronic π → π* transition type has a charge transfer 
character towards the aromatic rings. It has been 
observed that the fluorescence quantum yield and 
fluorescence lifetime of these substituted compounds 
increase, especially in polar solvents such as 
acetonitrile and alcohols [23]. However, when the 
substituent in the imide nitrogen is an ethyl with a 
tertiary amino group, a fluorescence quenching is 
produced, a behavior associated to a Photo-induced 
Electron Transfer effect (PET) [33-34]. Thus, these 
singular spectroscopic properties of naphthalimide 
molecules make relatively easy to track their possible 
interaction with nanoparticles. 
Nanoparticles in suspension may come in contact with 
organic pollutants [35] or biological molecules 
[36] giving rise to the formation of complexes which 
biological effect is starting to be fully studied. The 
combination may produce an effect greater than the 
sum of their individual effects (synergism) or lower 
(antagonism). In this work, we have used several CNPs 
and a 4-amine-N-[2-(1-pyrrolidin)ethyl]-1,8-
naphthalimide (ANN, hereinafter) in order to 
investigate whether CNPs are capable of interacting 
with a 1,8-naphthalimide derivative by studying their 
spectroscopic properties and ANN-structural changes 
after the interaction with CNPs. We have also studied 
the biological effect of CNPs and ANN using a 
bioluminescent model bacterium. 
2. Materials and Methods 
2.1. Nanoparticle Synthesis and Characterization 
Four Cerium Oxide Nanoparticles (CNPs) were 
synthesized using different methods with different 
surface Ce3+ contents and morphology. The 
physicochemical properties of the four nanoparticles 
were thoroughly analyzed. In particular, morphology 
and nominal size were assessed by High Resolution 
Transmission Electron Microscopy (HRTEM; FEI 
Tecnai F30). Ce3+/Ce4+ ratios on the surface of 
nanoparticles were analyzed using X-Ray photoelectron 
spectroscopy (XPS) as described elsewhere 
(Deshpande, 2005). Hydrodynamic diameter and ζ-
potential of the CNP suspensions in the different assay 
conditions were measured by Dynamic light scattering 
(DLS) and electrophoretic light scattering respectively 
using a Zetasizer Nano ZS particle size analyzer 
(Malvern Instruments Ltd.; Worcestershire, UK). 
Further details are given elsewhere [37]. 
2.2. Synthesis and Spectroscopic Properties of 4-
amine-N-[2-(1-pyrrolidin)Ethyl]-1,8-naphthalimide 
4-amine-N-[2-(1-pyrrolidin)ethyl]-1,8-naphthalimide 
(ANN) was synthesized according to a procedure 
described elsewhere [30]. Briefly, the ANN were 
synthesized by condensation between 4-amino-1,8-
naphthalic anhydride and the 1-(2-aminoethyl) 
pyrrolidine. The absorption spectra were recorded in a 
double bean Perkin-Elmer Lambda 16 
spectrophotometer (Perkin-Elmer, Massachusetts, 
USA). The fluorescence intensity was measured in a 
Schoeffel model 970 fluorimeter (Schoeffel Instrument 
Corp., New Jersey, USA). Fluorescence quantum yields 
were obtained using Norharmane solution (Sigma-
Aldrich) in 0.1 N sulfuric acid as standard [38]. 
Fluorescence lifetime measurements were performed by 
using time-correlated single photon counting (TCSPC) 
spectroscopy with a hydrogen-filled flash as the 
excitation source (FWHM = 1 ns). The lifetimes were 
estimated from the measured fluorescence decay curves 
and the lamp profiles using a nonlinear least-squares 
iterative fitting procedure [39]. The quality of the fit 
was assessed by plotting the standard deviation and the 
chi-square values. All measurements were conducted at 
10−5 M in three different solvents: dH2O (pH 7), 
dichloromethane (DCM) and NaOH 0.01 M (pH 11). 
Fourier Transform InfraRed (FT-IR) spectra were 
obtained in KBr (1 wt%) using a Bruker model IFs 
66 V Fourier Transform Infrared spectrometer in 
transmission mode. 
2.3. Studying the ANN-CNPs Complex 
The hydrodynamic diameter and ζ-potential of 10 mg/l 
CNP suspensions in 2.5 μM ANN in dH2O, pH 7 were 
measured by Dynamic light scattering (DLS) and 
electrophoretic light scattering, respectively, using a 
Zetasizer Nano ZS particle size analyzer. The effect of 
the different CNPs on the absorption spectrum of ANN 
was measured using a Hitachi U-2000 
spectrophotometer (Japan). Increasing concentrations of 
CNPs (8.6, 17.2, 172 mg/l) were used in order to track 
changes in the absorption spectrum. For it, the 
fluorescence emission at 560 nm of ANN with or 
without the presence of CNPs was analyzed during 
30 min. Fluorescence readings were also taken every 
10 min with a Synergy HT multi-mode microplate 
reader (BioTek, USA). The excitation wavelength was 
360 nm. 
1H NMR spectra were obtained using 500 MHz Bruker 
Advance DRX Spectrometer equipped with a 5 mm 
BBOFplus 1H-19F/X Z-Grad and referenced to 
tetramethylsilane. The peak at 5.36 ppm and 4.80 ppm 
were related with dichloromethane (DCM) or water, 
respectively. Reference ANN spectrum was obtained in 
DCM. 10 μL of CNPs (6 mg/l; final concentration) was 
added to the naphthalimide derivative (0.1 mM) and the 
corresponding spectra were recorded after 30 min of 
incubation. The spectra were processed using 
MestreNova software (version 10.0.2–15,465). 
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2.4. Biological Assays 
As a representative biological assay, we used a high-
throughput configuration of a bioluminescent whole-
cell biosensor that detects metabolic toxicity based on a 
bacterium (Anabaena sp. PCC7120 CPB4337; 
hereinafter A. CPB4337) which has been used in 
several studies [40-41]. A. CPB4337 bears in the 
chromosome a Tn5 derivative with luxCDABE from the 
luminescent terrestrial bacterium Photorhabdus 
luminescens. This strain shows a high constitutive self-
luminescence, so the bioassays are based on the 
inhibition of constitutive luminescence caused by the 
presence of a toxic substance. A. CPB4337 was also 
chosen because it has been previously shown that it 
cannot internalize cerium oxide nanoparticles [42]. 
Accordingly, the possible effects derived from 
internalized particles can be excluded. The dose-
response curves of ANN and all CNPs were determined 
after 24 h of exposure in AA/8 medium supplemented 
with 5 mM nitrate (AA/8 + N; the composition of the 
bacterial growth medium is given in Supplementary 
table S1). The final concentrations tested ranged from 0 
(control samples) to 75 μM (for ANN) or 75 mg/l (for 
each CNP). The No-Observed-Effect-Concentration 
(NOEC) and EC10 (the effective concentration of ANN 
or CNP that caused 10% bioluminescence inhibition 
with respect to a non-treated control) were obtained 
from the dose-response curves. 
The bioassays were conducted in transparent sterile 24-
well plates. Each well was filled with ANN, the 
nanoparticle suspension or the ANN-CNP combination 
at different ratios based on their NOECs and EC10s. 
Three ratios were chosen for each: ANNNOEC-
CNPNOEC (0.75:0.25; 0.5:0.5 and 0.25:0.75) and 
ANNEC10-CNPEC10 (0.75:0.25; 0.5:0.5 and 0.25:0.75). 
After 30 min, AA/8 + N medium and A. CPB4337 were 
added to the wells to reach a final OD750nm = 0.5. The 
24-well plates were kept at 28 °C and light ca. 65 μmol 
photons m2 s−1 on a rotary shaker during 24 h of 
exposure. For luminescence measurements, 100 ml of 
each sample were transferred to an opaque white 96-
well plate and recorded in a Centro LB 960 
luminometer for 10 min. 
2.5. Statistics 
Statistical analyses were performed by using R software 
3.0.2. Measurements were analyzed essentially as 
described elsewhere [37]. At least three independent 
experiments with triplicate samples were performed. A 
one-way ANOVA coupled with Tukey's HSD (honestly 
significant difference) post-hoc test was performed for 
comparison of means. Differences were considered 
statistically significant when p < 0.05.  
3. Results and Discussion 
3.1. Photophysical Properties of N-substituted 1,8-
naphthalimide 
Fig. 1A shows the structure of the 4-amine-N-[2-(1-
pyrrolidin)ethyl]-1,8-naphthalimide (ANN) used in this 
study. The molecule has an amino group in the 4-
position of the naphthalene moiety and an aliphatic 
chain linked to the pyrrolidine ring by the imide 
group. Fig. 1B also shows the FT-IR spectrum of ANN 
in which the most characteristic bands were the 
carbonyl bands. Asymmetric and symmetric stretching 
vibration bands of the carbonyl groups of ANN appear 
in the 1680–1640 cm−1 range (the full FTIR 
transmission spectrum from 3600 to 1250 cm−1 can be 
found in Supplementary Fig. S1). The C C stretching 
vibration bands of naphthalimide appeared in the 1620–
1550 cm−1region, while the C N stretching vibration 
bands in the dicarboximide appeared between 1400 and 
1350 cm−1. In the 3100–3000 cm−1 region, typical C
H stretching vibration bands of aromatic rings were 
observed. The region around 3350 cm−1corresponds to 
the stretching vibration of the N H group. The C H 
asymmetric and symmetric stretching vibration bands 
of the methylene groups of N-substituents laid in the 
3000–2850 cm−1 region. These assignments are all in 
agreement with those results published by Grzesiak and 
Brycki [43] and Philipova [44] who did a deep FTIR 
analysis of some derivative of N-substituted-1,8-
naphtalimides.  
 
Figure 1. (A) Molecular structure of ANN. (B) FTIR 
transmission spectrum of ANN in the 3600–2600 and 1750–
1000 cm−1 regions. A break at 1750 cm−1 was used to 
improve the clearness of the figure. The entire FTIR 
spectrum can be found in Supplementary Fig. S2. 
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The observed spectroscopic properties of ANN, namely 
absorption and fluorescence spectrum, quantum yield 
and fluorescence lifetime are presented in Table 1. The 
spectroscopic properties of ANN were pH and solvent 
polarity dependent: when ANN was diluted in DCM, 
there was a blue-shift from 433 nm to 407 nm in the 
absorption maximum and the fluorescence maximum 
changed to lower wavelength in comparison with the 
results obtained in NaOH 0.01 M and dH2O (the 
complete absorption and emission spectra of ANN in 
dH2O can be found in Supplementary Fig. S2). The 
fluorescence quantum yields and lifetime of ANN also 
showed this dependence. ANN showed higher quantum 
yields in DCM than in dH2O (Table 1). However, in 
NaOH solution, the fluorescence emission of ANN was 
strongly quenched by partial deprotonation of the 
amino group. The fluorescence lifetime showed that 
ANN in the organic solvent had the highest stabilization 
in the excited state. It is known that the 4-amino-1,8-
naphthalimide derivatives are highly emissive in 
organic solvents such as DCM and chloroform, while 
significant quenching is observed in water [45]. 
Nevertheless, the use of 4-amino-naphthalimide as 
detection probe in water is well established and several 
1,8-naphthalimide derivatives have been used for the 
sensing of different cations [46-47] and anions [33]. In 
these cases, upon interaction with proper chemicals, the 
changes may affect emission alone or both absorption 
and emission spectra. 
Table 1. Spectral data of 4-amino-1,8-naphthalimide N-
substituted (ANN) in distilled water, dichloromethane 
and sodium hydroxide (0.01 M). 
* DCM = dichloromethane 
3.2. Physicochemical Characterization of CNPs 
According to HRTEM, CNP1 and CNP2 were spheres 
with diameters of approximately 6, and 9 nm, 
respectively. CNP3 had rod shape (325 nm long with a 
width of 22 nm) and CNP4 had cubic shape with a 
particle size around 50 nm. From the deconvolution of 
Ce (3d) XPS spectra, we determined that CNP1 had the 
highest amount of surface Ce3+(58%) followed by 
CNP3 (36%), CNP2 (28%) and CNP4 (26%). Table 
2 shows the physicochemical characteristics of the four 
CNPs at 10 mg/l suspended in dH2O. Measured ζ-
potential values (pH 7) of all CNPs showed that they 
were all positive, but CNP1 (0.57 ± 0.66 mV) had the 
lowest value in comparison with the other tested CNPs. 
According to DLS measurements, the effective 
diameters were in the 70–343 nm range (Table 2).  
Table 2. Physicochemical properties of the tested 
Cerium Oxide Nanoparticles (CNPs) alone and mixed 
with ANN 2.5 μM in dH2O (pH 7). 
Sample 
Name 
Morphology 
ζ-potential 
(mV) 
Effective 
Diameter (nm) 
CNP1 Spheres 0.57 ± 0.66 70.2 
CNP2 Spheres 12.0 ± 0.99 342.1 
CNP3 Rods 15.9 ± 0.45 122.4 
CNP4 Cubes 30.2 ± 0.66 190.1 
 
 2.5 M ANN 
 
 
ζ-potential 
(mV) 
Effective 
Diameter (nm) 
CNP1 -0.26 ± 0.66 200.2 
CNP2 5.76 ± 0.26 458.7 
CNP3 15.0 ± 0.66 220.2 
CNP4 26.3 ± 0.21 255.2 
 
3.3. Characterization of the Interaction Between 
ANN and CNPs 
Several experiments were conducted in order to verify 
the interaction of ANN with cerium oxide 
nanoparticles. For it, we obtained absorption spectra 
and stationary fluorescence maxima of the ANN-CNPs 
water mixtures. As shown in Fig. 2, ANN displayed an 
electronic interaction with CNP1, proved by the 
decrease in the absorption maximum at 433 nm of ANN 
for increasing concentrations of CNPs from 8.6 to 
172 mg/l (Fig. 2A). A completely different behavior 
was observed for CNP2, CNP3 and CNP4 (Fig. 2B, C 
and D, respectively) as all of them caused a light 
dispersion effect and the disappearance of the 
absorption maxima of the naphthalimide molecule. We 
have also recorded the whole spectrum of CNPs to 
prove the absence of absorption peaks due to the 
nanoparticles in the same region (see Supplementary 
Fig. S3). 
Moreover, fluorescence spectroscopy was conducted to 
follow changes in the fluorescence behavior of ANN 
derived of the exposure with CNPs. Fig. 3 shows the 
fluorescence emission maximum at 530 nm of ANN 
and ANN-mixtures with CNP1, CNP2, CNP3 and 
CNP4 after 30 min of contact. CNP1 statistically 
(p < 0.05) increased the fluorescence emission of ANN 
by 6.7% when compared to the ANN alone. 
Conversely, CNP2, CNP3 and CNP4 statistically 
(p < 0.05) decreased the fluorescence emission maxima 
of ANN by 7.6, 7.9 and 9.6%, respectively. We also 
tracked the fluorescence variation over time, but the 
same pattern was observed (Supplementary Fig. S4). 
The physicochemical properties of the nanoparticles 
also change upon contact with ANN. ANN increased 
the hydrodynamic size of all CNPs, with a particularly 
relevant increase for CNP1 (from 70 to 200 nm; Table 
2). Moreover, the ζ-potential of all CNPs slightly 
Solvent abs nm fluo nm ΦF τflu (ns) 
dH2O 433 536 0.055 2.82 
DCM* 407 490 0.174 11.4 
NaOH 430 543 1.5 · 10-6 4.8  
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Figure 2. Changes in the UV-vis spectra of ANN 0.2 mM in the presence of increasing concentration of CNPs in dH2O. CNPs 
concentrations were 8.6 (CNPx.1), 17.2 (CNPx.2) and 172 mg/l (CNPx.3). 
 
decreased when ANN was added, denoting lower 
stability of CNPs. Therefore, the increment in the 
nanoparticle hydrodynamic size suggest that ANN 
interacts with all the CNPs, but the higher aggregation 
of CNP1 after contact with ANN is probably a 
consequence of a preferential interaction with ANN. 
 
Figure 3. Fluorescence emission of ANN and mixtures 
between ANN and CNP1, CNP2, CNP3 and CNP4 at 560 nm 
(the excitation wavelength was 360 nm). Statistically 
significant differences (p < 0.05) are marked by asterisks. 
We used NMR spectroscopy for determining the 
structural changes of the organic compound after 
interaction with CNPs. Fig. 4 shows the NMR spectra 
of ANN and ANN-CNPs. The peaks of hydrogens in 
the naphthalene ring (from 8.7 to 6.7 ppm) and the 
primary amino group in 4-position (5.19 ppm) exhibited 
a left shift for all ANN-CNP complexes in comparison 
with the spectrum of ANN alone. This is indicative of a 
lower electronic density in this region (lower shielding 
of these hydrogens) due to the interaction with CNPs. 
There were no significant changes in other regions of 
the spectra. 
Taking all these results together, we determined that 
ANN is able to adsorb onto the surface of CNPs. In 
view of NMR results, it is reasonable that all CNPs 
adsorb ANN through the naphthalene ring and the 
primary amino group. However, the main advantages of 
using ANN is that it has an internal charge transfer in 
the excited state, due to the electron donating amine and 
the electron withdrawing tertiary amine pyrrolidine 
group (PET) [33, 48]. This particularity could also be 
considered for determining how ANN interacts with the 
surface of nanoparticles. Accordingly, the formation of 
an ANN-CNP1 complex leading to the increment of the  
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Figure 4. (A) Selected 1H NMR spectra of compound ANN alone (I) or with CNP1 (II), CNP2 (III), CNP3 (IV) and CNP4 (V). 
(B) Molecular designation of each H in order to facilitate the description of RMN results. (C) Schematic representation of the 
adsorption of ANN on the CNP1 or CNP2 surface depending of the Ce3+/Ce4+ sites (the sizes are not representative). 
ANN-fluorescence (Fig. 3) suggests an interaction 
through the pyrrolidine ring and the aliphatic chain, 
because the PET process in this case would be inhibited 
by CNP1. The smallest nominal size along with the 
sphere morphology of CNP1 could also favor the 
interaction on this region of the molecule. It has been 
previously shown that the pyrrolidine ring of several 
1,8-naphthalimide N-substituted molecules could fold 
to the molecular plane in certain circumstances, 
preventing the interaction in this region with 
nanoparticle with higher sizes and different 
morphologies [34]. Conversely, CNP2, CNP3 and 
CNP4 would strongly interact with the primary amino 
moiety of ANN, enhancing PET process and, thus, 
reducing the fluorescence of the chromophore as shown 
in Fig. 3 and in agreement with NMR data. 
The nanoparticle surface chemistry may be responsible 
for the different interaction of ANN with CNPs. CNP2, 
CNP3 and CNP4 had a relatively low surface 
Ce3+ content (between 26 and 36%) and, therefore, their 
surface chemistry is governed by the Ce4+ form. CNP1, 
on the other hand, also has Ce4+ in its surface, but in a 
lower percentage. Upon ANN-CNP interaction, the 
surface Ce4+ can be reduced by the unpaired electron of 
the amine nitrogen as the redox potential of ANN is 
−1.92 V [32]. The ANN molecule has a tendency to 
lose electrons which could stabilize the complex 
formed with CNPs. Fig. 4C illustrates how ANN 
interacts with CNP1 through the pyrrolidine ring and 
naphthalene moiety, while only the amino moiety was 
involved during the interaction between ANN and 
CNP2, CNP3 and CNP4 (CNP1 and CNP2 were chosen 
in Fig. 4C to show this hypothesis). 
Other factors than % surface Ce3+ may influence the 
adsorption of ANN on CNPs, such as surface facet and 
oxygen vacancies, but it is not clear which one is 
responsible for the reactivity of CNPs under a given set 
of conditions. Recently, Yang et al. [49] suggested that 
the facets of CNPs are more relevant for explaining 
redox activity than the % surface Ce3+. In support for 
this hypothesis, particles with {100} facets displayed 
higher catalytic activity than particles with other facets 
but similar levels of surface Ce3+. However, other 
authors argued that several factors would be required to 
explain the reactivity of CNPs. In fact, particles with 
higher amount of the most reactive facet towards 
photocatalytic oxidation of volatile organics were less 
effective in the photocatalytic O2 evolution, indicating 
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that the surface facet itself could not fully explain the 
observed catalytic behavior [50]. The particles used in 
this work exposed different surface facet terminations. 
According to the existing literature, ceria nanocubes 
and nanorods are dominantly terminated by {100} and 
{110} + {100} facets, respectively [50-52]. Conversely, 
sphere-like CNPs expose {100} truncated {111} 
octahedron [53]. The similar mode of interaction found 
for CNP2, CNP3 and CNP4, which have different 
facets, with ANN suggested that the % surface of 
Ce3+ was more relevant than the surface facet 
composition for the interaction of ANN and CNP. 
Moreover, the predominance of facets on the reactivity 
of CNPs proposed by Yang et al. [49] may be 
appropriate for enzymatic-mimetic reactions as they 
have demonstrated, but it could not be suitable for 
photochemical interactions such as those described here 
in the formation of ANN-CNP complexes. 
3.4. Biological Effect of ANN, CNPs and ANN-CNP 
Towards Anabaena CPB4337 
The concentration-response curve for 24 h 
luminescence inhibition is shown in Fig. 5 for ANN and 
the four CNPs over the whole concentration range 
studied. While ANN and CNP1 caused a 100% 
bioluminescence inhibition at 50 μM and 30 mg/l, 
respectively; CNP2, CNP3 and CNP4 were non-toxic, 
with EC20 near the maximum concentration tested in 
this work (75 mg/l). Additionally, from these dose-
response curves, we have calculated the NOEC and the 
sublethal EC10 of each compound, which were used as 
reference levels during the assessment of the biological 
effect of the ANN-CNP complexes (Fig. 6). Those 
concentrations are relatively low, but chosen in 
purpose, in order to design experiments which may be 
closer to real world scenarios. In biomedicine, it is 
necessary to use efficient concentration to avoid 
negative collateral effects. For concentrations higher 
than 75 mg/l, CNP1, for example, was very toxic, thus 
cells would have been severely damaged or even dead 
and it would have not been possible to study the 
biological effects. Different ratios were chosen in order 
to evaluate the possible additive, antagonistic or 
synergistic effect of the ANN-CNP complexes. As 
shown in Fig. 6A, when ANN and CNP were mixed at 
the NOEC level, there were no statistical effects at any 
ANN-CNP ratio in comparison with ANN or CNP 
alone. Nevertheless, a different effect was observed 
when ANN and CNP were mixed at the EC10 level. The 
0.25:0.75 ratio of ANN-CNP2, ANN-CNP3 and ANN-
CNP4 statistically (p < 0.05) reduced the expected 
adverse effect (antagonism): the luminescence 
inhibition of these samples was less than the sum of the 
known effects of the individual substances. This effect 
was not observed for the other ratios (0.5:0.5 and 
0.75:0.25) or ANN-CNP1 complex whose mixture 
showed an additive effect. As mentioned before, it has 
been shown that CNPs have several mimetic 
antioxidant properties derived from their surface redox 
chemistry. The adsorption of ANN onto the surface of 
these nanoparticles could enhance these properties for 
CNP2, CNP3 and CNP4 (nanoparticles with low 
surface % of Ce3+), which would also explain lower 
effect of 0.25:0.75 mixtures at the EC10 level. In fact, at 
the NOEC level, a slight luminescence stimulation was 
observed. 
Figure 5. Dose-response curve of ANN (from 0.001 to 100 
μM), CNP1, CNP2, CNP3 and CNP4 (nanoparticle 
concentrations from 0.001 to 100 mg/l) for Anabaena 
CPB4337. At least three independent experiments with three 
replicates were used (n = 9). 
The bioluminescent model bacterium A. CPB4337 is a 
quantitative high-throughput screening (QHTS) method 
described previously [40]. The use of this organism generates 
fast and accurate information about the biological effect of 
different compounds in a short period of time. As the 
bacterium used here is very different from a mammalian 
cell, A. CPB4337 could be probably more resistant, due to the 
cell wall envelope which covers the cell. However, several 
test based on bacteria (Ames test [54] and Vibrio fischeri test 
[55]) have been used as first approximation of the biological 
effect of toxicants and it is well stablished their use in the 
risk management and health and safety assessment of 
substances. 
It has been previously described that naphthalimide 
derivatives can enter inside different cell types [56] and 
depending on the derivative and their substituents, it 
has been evidenced that some could interact with 
nucleic acids by intercalation [57] and others may 
directly break the cellular membrane [58], exerting their 
toxic effect in mammalian and bacterial cells, 
respectively. Although the ANN mode of action is 
beyond the aims of this study, we consider that the 
negative biological effect could be mediated both by 
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Figure 6. Bioluminescence Inhibition of A. CPB4337 in response to ANN-CNPs complexes after 24 h. A) Effect of the 
ANN-CNPs complex using different ratios at the No-Observed-Effect-Concentration (NOEC). B) Effect of the ANN-
CNPs complexes using different ratios at the effective concentration of ANN or CNPs that caused 10% 
bioluminescence inhibition with respect to a non-treated control (EC10). The green bars indicate antagonism and the 
dotted line additivity. In all figures the response of A. CPB4337 to ANN and CNPs applied singly is also shown for 
comparison. Mean ± standard deviation. Statistically significant differences (p < 0.05) are marked by asterisks. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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direct membrane interaction (due to the non-polar 
nature of the molecule) and by intracellular impact on 
nucleic acid. We did not observe any CNP 
internalization in our previous study using A. CPB4337 
and ceria-based nanoparticles [42], so this organism 
was chosen to avoid the possible effects derived from 
internalized particles. The direct contact between cell 
envelope and nanoparticles, resulting in cell wall and 
membrane disruption and cell lysis, was proposed as 
the mechanism underlying CNP toxicity. Moreover, the 
hydrodynamic size of ANN-CNPs complex is higher 
than the diameter of 20 nm suggested for the pores of 
envelope of Anabaena sp. PCC 7120 [59], and therefore 
neither CNP alone or CNP-formed complex could be 
internalized. The observed antagonistic effect for ANN-
CNP2, ANN-CNP3 and ANN-CNP4 could be due to 
several causes: On the one hand, the formation of the 
ANN-CNP complex could reduce the bioavailability of 
ANN avoiding its entry into the cells and the 
production of its toxic effect. On the other hand, the 
ANN-CNP complex could also interfere in the 
interaction between CNP and the cell wall, as it has 
been shown that the formation of a corona on the 
surface of nanoparticles could reduce the observed 
toxicity of the nanoparticle alone [60]. 
The aggregation of CNPs and CNPs forming complexes 
with ANN was clear as stated in Table 2. However, the 
formation of aggregates did not influence the 
adsorption of ANN on the surface of CNP. It could be 
argued that the lower degree of aggregation of CNP1 
could favor the interaction with ANN due to its higher 
surface to volume ratio in comparison with the other 
CNPs. However, this different aggregation degree did 
not have a relevant effect on the biological experiments 
with the tested model organism, since ANN-CNP2, 
ANN-CNP3 and ANN-CNP4, which formed the largest 
aggregates, showed protective/antagonistic effect. In a 
previous publication, several factors were evaluated as 
possible drivers of the toxicity of various cerium oxide 
nanoparticles, including size/surface aggregation [37]. 
Among them, the % surface Ce3+ was the dominant 
factor as demonstrated by the fact that phosphate 
blocked Ce3+ sites and totally reverted the toxicity of 
CNP with the highest % surface Ce3+, as a consequence 
of the affinity of surface Ce3+ to phosphate. 
To the best of our knowledge, there were found no 
articles evaluating the toxicity of naphthalimide 
derivatives and only few articles studying their 
interaction with nanomaterials. Aguilera-Sigalat et 
al. [61] synthesized quantum dots (QDs) capped with 
ligands that possess a naphthalimide as chromophore 
unit with the objective of controlling the emission 
properties of CdSe/ZnS QDs through naphthalimide 
derivatives [61]. Moreover, dendrimers with amino-1,8-
naphthalimide molecules in their structures were 
proposed as tunable organic light-emitting diodes [62]. 
Bekere et al. [63] evaluated the possibility of using 4-
substituted 1,8-naphthalimides as sensitive molecular 
probes for ZnO nanoparticles. In this case, the nature of 
the interaction and how the molecule was adsorbed onto 
the nanoparticle were not studied. Huang et 
al. [64] showed that nanoparticle surface characteristics 
were key parameters during protein adsorption, since 
they might be able to modulate the protein 
conformation onto nanoparticle surface [64]. In this 
work, we showed that the surface Ce3+ content strongly 
affect the adsorption of 1,8-Naphthalimide onto CNPs. 
Furthermore, the fact that the ANN could increase its 
fluorescence emission in presence of CNP with high 
surface Ce3+ suggests their use of N-substituted 1,8-
naphthalimides as specific selective probes to detect 
nanoparticles in water and in biological samples. In this 
respect, 1,8-naphthalimides are able to cross the cell 
membrane, so it would be possible to track 
nanoparticles inside the cells and show their exact 
location. 
Nanotechnology is growing quickly and it is expected 
that many products will have some kind of 
nanomaterial. The exponential increment of the number 
of potential applications is also probable. However, 
there is a lack of methodologies for the detection and 
characterization of engineered nanomaterials in 
complex matrices. It is necessary to develop new 
methods to solve this problem. In this regard, studies 
such as those provided by Othman et al. [65] and 
Chatterjee et al. [66] shed light on this issue when 
assessing the detection of nanoparticle by using specific 
organic dyes. Othman et al. (2016) described a method 
that was selectively optimized for the detection of CNP 
rather than any other metal oxide nanoparticles also in 
real water samples. In this regard, our results shown 
here provide a deeper insight on the interaction between 
an organic dye and nanoparticles, which could result in 
the direct detection of CNP in biological samples. 
On the other hand, the use of combined molecules to 
fight against cancer is a standard clinical practice in the 
treatment of different tumors [67]. As stated above, 
several studies support the idea of using CNPs or 1,8-
naphthalimide derivatives as anti-cancer agents. 
However, the biological results shown here reveal that, 
depending on the chosen CNP, their expected effect 
could be reduced if used in mixture. 
4. Conclusions 
In conclusion, in this work we demonstrated that 
cerium oxide nanoparticles can alter the spectroscopic 
properties of the 4-amine-N-[2-(1-pyrrolidin)ethyl]-1,8-
naphthalimide and that the nanoparticle interaction with 
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the organic molecule depends on their physicochemical 
characteristics. CNPs with high content of surface 
Ce3+ increased the fluorescence of ANN by interaction 
through the pyrrolidine ring; this complex caused an 
additive effect towards the bioluminescent model 
bacterium A. CPB4337. Conversely, CNPs with high 
content of surface Ce4+ decreased the ANN-
fluorescence by enhancing PET process in the amino 
group and caused an antagonistic effect 
towards A. CPB4337. This study reveals a complex 
interaction between CNPs and 1,8-naphthalmide 
derivative which might cause an inefficiency use of 
these compounds even at low concentrations if they are 
used jointly as anticancer agents. The use of different 
mammalian and tumor cell lines will be needed to 
confirm the effects observed here. Besides, the results 
shown also contribute to untangle the unpredictable 
behavior of nanoparticles when they are suspended in 
complex matrices and open up a research line in the use 
of organic molecules to detect nanoparticle in liquid 
and biological samples. 
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Supplementary table S1. Composition of the cyanobacterial growth medium AA/8 **. 
 
Component Final concentration (mM) 
KH2SO4 0.25 
MgSO4 0.125 
CaCl2 0.0625 
NO3 5 
NaCl 0.5 
Na2-EDTA 0.009625 
FeSO4 0.08375 
B 0.00053125 
Co 0.00002125 
Cu 0.00004 
Mn 0.00093 
Mo 0.00015625 
Zn 0.000095 
V 0.000025 
 
** Miguel González-Pleiter, 2013. Toxicity of five antibiotics and their mixtures towards 
photosynthetic aquatic organisms: Implications for environmental risk assessment. Water Res. 
47(6), 2050-2064. 2013. 
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Supplementary Figure S1. FTIR transmission spectrum of ANN in the 3600-1750 cm−1 range (left) 
and 1750-1000 cm−1 range (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure S2. The absorption (red line) and emission spectra (black line) of ANN in 
dH2O at pH 7.0. 
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Supplementary Figure S3. The absorption spectra of CNPs in dH2O from 250 to 750 nm.  
 
 
 
Supplementary Figure S4. Fluorescence emission (Ex/Em 360/560 nm) of ANN and mixtures 
with CNPs at 1, 10, 20 and 30 min after CNP addition. Mean ± standard deviation.   
 
